The vibrationally resolved X-ray photoelectron spectra of X 2 Σ g + (3σ g −1 ) and B 2 Σ u + (2σ u −1 ) states of N 2 + were recorded for different photon energies and orientations of the polarization vector. Clear dependencies of the spectral line widths on the X-ray polarization as well as on the symmetry of the final electronic states are observed. Contrary to the translational Doppler, the rotational Doppler broadening is sensitive to the photoelectron emission anisotropy. On the basis of theoretical modeling, we suggest that the different rotational Doppler broadenings observed for gerade and ungerade final states result from a Young's double-slit interference phenomenon.
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T he Doppler effect, 1,2 a shift in frequency of the emitted waves by a moving source, is a phenomenon with numerous applications in science and technology. The wellknown motion-related broadening of the lines in electron spectroscopy is attributed to the fundamental physical phenomenon of electronic translational Doppler effect. 3−14 It can be easily understood from the direct analogy to the conventional, acoustical, or electromagnetic Doppler effect. The translational Doppler broadening, resulting from the velocity distribution of the outgoing electron relative to the drift velocity of the emitting atom/molecule, depends ultimately only on the mass of the emitting atoms and molecules, on their temperature, and on the momentum of the photoelectron, k, and therefore is almost the same for all valence photoemission lines in the X-ray region; however, Sun et al. predicted 15 that due to the recoil angular momentum j the X-ray photoemission lines are strongly affected by a rotational Doppler broadening (RDB), which is of the same order of magnitude as its translational counterpart. The effect was experimentally confirmed in molecular nitrogen 16 and was further explored in hydrogen chloride. 17 Rotational Doppler effects associated with the orbital angular momentum of the light beam 18 and spin of the photon 19 were also observed in optical spectroscopy. We address a new and unexplored facet of the rotational Doppler effect: its angular and state dependence. Despite the similarity between the translational and rotational Doppler effects, there is a fundamental, qualitative difference between them. Contrary to the translational Doppler shift, the rotational Doppler shift is proportional to the recoil angular momentum, which depends on the angle θ = ∠(R,k) between the internuclear radius vector, R, and k. The photoionization cross section depends on the mutual orientation of the vectors R, k, and e (the polarization vector of the X-rays), and this dependence is different for different final states. As a consequence, the RDB is different for different final cationic states, and the associated spectral line widths vary with the polarization of the exciting X-rays. Our present photoelectron spectroscopy measurements for the nitrogen molecule ( Figure 1 ) directly probe the molecular orbitals' anisotropy, providing the very first evidence of the strong dependence of the RDB on both the final electronic state and on the angle χ = ∠(e,k) between the polarization vectors e and k. Here we focus on the state-specific polarization dependence of the Doppler broadening of the
) cationic states of N 2 , whose ionization potentials are I i ≈ 15.5 and 18.6 eV (i = σ g ,σ u ), respectively. We will not analyze the rotational broadening of the A 2 Π u (1π u −1 ) photoemission lines because they are "contaminated" by a large spin−orbit splitting Δ SO = 9.25 meV. 20, 21 The RDB is found by subtracting the instrumental and translational Doppler broadenings from the experimental line widths. The obtained data show the dependence of the RDB on the X-ray polarization and on the final state. To determine the instrumental broadening at the different X-ray energies used, we simultaneously recorded Kr valence photoemission. (See Figure 1. ) No RDB is present for atomic lines, and the wellknown translational Doppler broadening (12.6 and 18.6 meV at 100 and 200 eV, respectively) has been subtracted from the total spectral line width of the Kr 4p valence photoemission data, revealing instrumental broadenings of about 13 and 17 meV for the photon energies ω = 100 and 200 eV, respectively. Despite a rather small variation of the RDB, the normalized spectral line profiles for the lowest vibrational substates of the two electronic states allow one to explicitly visualize the differences in the RDB for different final states and polarizations. (See Figure 2 .)
The X-ray photoionization leads to the ejection of a photoelectron of momentum k, which is transferred to the N 2 molecule of mass M, moving with the velocity v. The X-ray photoemission line is shifted due to the translational Doppler k· v and recoil effects Δ tr = k 2 /2M. 22−25 At the same time, the ejected electron also transfers to the molecule, rotating with the angular velocity w, an angular momentum j = [R × k]/2, where R/2 is the radius vector of atom with respect to the center of gravity. The recoil angular momentum j(θ) = (kR/2) sin θ with θ = ∠(k,R) changes the initial angular momentum J 0 = wI → J = J 0 + j, where I = MR 2 /4 is the moment of inertia. This shifts the photoelectron line,
where j·w is the rotational Doppler shift 15 (see Figure 3a )
2 θ is the rotational recoil shift. 26−28 An analysis of the angular dependence of j(θ) and σ i (χ,θ) reveals a rather unexpected result: the RDB is different for different final states |ψ i −1 ⟩, and it depends on the electron emission angle χ.
To interpret the observed phenomenon, we generalize the photoionization cross section 15 of the molecular orbital (MO) ψ i by taking into account the θ and χ dependence of
where we use atomic units, E = E el − (ω − I i ) is the relative kinetic energy, d i is the dipole moment of photoionization, E el = k The recoil angular momentum j(θ) = (kR/2) sin θ ≈ (kR/2) sin χ is suppressed when k∥e, and it is maximum for the orthogonal geometry k⊥e. Hence, the RDB is maximum when χ = 90°. because the related electronic state dependence does not exceed 2% in our case; however, it has been accounted for in the simulations. Contrary to D tr , the RDB D rot (θ) depends on θ. This θ dependence gives a hint why the RDB for randomly oriented molecules, D rot i (χ) (see Table 1 ), depends on both χ and ψ i .
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The main reason for this dependence is the anisotropy of the 2p z atomic orbital, which contributes differently in different MOs (see also Figure 1a )
where i = 3σ g ,2σ u . Contrary to the ionization of the 2s electron with the amplitude (e·d 2s ), the ionization of the 2p z electron depends on the orientation of the molecular axis (R∥z) relative to e and k 
where d 2s and d 2p z are the photoionization dipole moments of the 2s and 2p z electrons, respectively. To gain further insight into the physical picture, one should notice that for χ = 0°, 90°the 2p z ionization occurs when the molecular axis is oriented preferentially along e because in both cases σ i (χ,θ) ∝ (e·R) 2 . This means that j(θ), and hence the RDB, takes maximum and minimum values when k⊥e and k∥e, respectively (Figure 3 ). Both experiment and theory (Table 1) confirm this qualitative picture: D rot i (90°) > D rot i (0°). The total photoionization amplitude is the coherent sum of the ionization amplitudes for the two equivalent nitrogen atoms, 30 playing the role of the two slits in the Young's doubleslit experiment (YDSE) 24,25,31−36
where 
has opposite signs for the gerade and the ungerade cationic states. Here σ
Thus, when χ ≠ 90°, the RDB depends on the molecular orbital ψ i through the mixing coefficients a i and b i as well as via the YDSE interference. The calculations for χ = 0°, in agreement with the measurements, clearly show the sensitivity of the RDB to the final state ( Table 1 ). The χ = 90°geometry, where the 2s ionization channel is completely quenched (see eq 3) and the different RDBs observed for the gerade and the ungerade final states (Table 1) are solely caused by the YDSE interference, deserves a special comment. Let us simply estimate D rot σ g,u = (⟨D rot 2 (θ)σ g,u ⟩/⟨σ g,u ⟩) 1/2 , taking into account that kR ≫ 1 and that the only difference between g-and uionization channels σ g,u ∝ 1 ∓ cos(k·R) is the interference term.
24,25,31 By neglecting ⟨D rot 2 (θ) cos(kR cos θ)⟩ ≈ 1/(kR)
. Thus, the difference of RDBs for ungerade and gerade states reads
where D rot = ⟨D rot 2 (θ)⟩ 1/2 and δ is the scattering phase of photoelectron by the adjacent nitrogen atom. 25 Equation 5 results in ΔD rot ug ≈ 4.6 and 4.1 meV for E = 100 and 200 eV, respectively, using δ ≈ 0.7 − k. The simple estimate (eq 5), being in a reasonable agreement with the accurate calculations given in Table 1 for two energy values, shows a nonmonotonous, oscillatory dependence of ΔD rot ug on energy. In summary, in this work, we report the experimental observation and the theoretical modeling of the consequences of two physical phenomena: (i) the rotational counterpart of the translational Doppler effect−the rotational Doppler effect and (ii) the quantum indistinguishability of the two atoms in the inversion symmetric nitrogen molecule. We demonstrated for the first time that contrary to the translational Doppler broadening, the RDB depends on the final electronic state. Moreover, we also showed that the former is sensitive to the polarization of the X-rays and to the YDSE interference, which is different for the gerade and the ungerade final states reached by photoionization. The rich physics discussed here for a textbook case, the nitrogen molecule, opens the way to a novel family of studies of the photoionization anisotropy and of the YDSE interferences for a variety of species based on the fascinating properties of the rotational Doppler effect. 
The translational Doppler broadening for the X state is 21.5/31.7 meV, and for the B state it is 21.1/31.5 meV for ω = 100/200 eV, respectively. In the experiment, the photoelectrons were collected in a cone with the finite acceptance angle Δχ < 38°, while theoretical calculations were performed for the ideal conditions (Δχ = 0°). It can be shown that the deviation related to this approximation cannot exceed 2 sin
The experimental error is given as standard deviation. Preliminary results of our measurements for the X state for χ = 0°, 90°were introduced in the review. 29 The RDB shows a monotonic behavior with the increase im photon energy as a function of the excitation energy. 16 The Journal of Physical Chemistry Letters
The experiment was performed at the PLEIADES beamline 37 at SOLEIL, which already allowed us to study the spectral line shapes in photoemission spectra with unprecedented accuracy. 38 The measurements were performed using a VG-Scienta R4000 electron spectrometer mounted with the electron detection axis vertical. X-ray polarization was set at 0 and 90°w ith respect to this axis. Under the most favorable conditions, with linear vertical polarization (0°) and 100 eV photon energy, the count rate was on the order of 24 kHz at the maximum of X state, and the acquisition time for spectrum shown in Figure 1 was ∼90 min. Pure nitrogen (99.998%) and atomic Kr (99.99%) from Air Liquide were premixed and introduced into the gas cell (VG-Scienta) of the electron energy analyzer. The sample gas pressure in the differentially pumped gas cell was estimated to be on the order of 10 −3 mbar (molecular density 2.4 × 10 13 cm −3
), estimated from the measured pressure in the spectrometer vacuum chamber, outside the gas cell of 1 × 10 −5 mbar. The gas cell is equipped with a series of electrodes to minimize the effect of plasma potentials. The temperature of the gas was T = 294 ± 1 K. Lifetime broadening of the considered final cationic states is much smaller (<10 −8 eV 39 ) than the Doppler broadening and does not affect our analysis.
Our calculations of the Doppler broadening D i (χ) were performed using eqs 1 and 4 according to the method outlined in refs 24 and 25. The atomic ionization cross sections σ 2 s and σ 2p were computed using the data from ref 40. The coefficients in ψ i (eq 2) (a 3σ g = 0.4, b 3σ g = 0.6; a 2σ u = 0.7, b 2σ u = 0.3) were calculated with the help of Gaussian 09 package 41 at the DFT level using the B3LYP functional and the 3-21 g basis set.
